We propose an electroweak model based on the identification of the Higgs with the dilaton. We show that it is possible in this context to have a massless Higgs boson at tree and one loop levels without contradicting the main experimental and theoretical constraints.
I. INTRODUCTION
The elusive Higgs boson and its mass are as yet to be found at high energy colliders like Tevatron and LHC. There are known theoretical constraints [1] , [2] coming from unitarity, triviality and vacuum stability which set bounds on it, but in general they are not as strong as the experimental ones. Thus LEP sets the lower limit at 114. 4 GeV and the electroweak precision date place the Higgs boson at 76 +111 −38 . Throughout the years very important insights and theorems about the behavior of various types of quantum field theories have been obtained using the scale invariance. Associated with it is the dilaton with roots in our case in the technicolor theories. In this paper we propose an electroweak model where the role of the Higgs boson is played by the dilaton. While models of this type have been analyzed before [3] , [4] here we introduce a specific representation of the Higgs inspired by QCD [5] along with a particular Higgs potential. Thus we propose a situation in which although the scale invariance is broken at tree level or at one loop level the Higgs boson is massless.
Of course, even in these circumstances when the couplings of the Higgs are very different than those of the SM it remains for us to explain how it is possible that a completely massless Higgs boson has not yet been detected and how we can avoid various experimental and theoretical constraints. We postpone that for section VI where we also suggest possible collider signatures.
In section II we will briefly mention the one loop effective potential in the standard model. Since this is a well known subject the details can be found elsewhere [6] , [7] .
In section III we discuss the Higgs boson self energy. In section IV we give a brief account of the quadratic divergences. In section V we propose a Higgs potential which can lead to a massless Higgs boson and analyze the consequences of this choice. Section VI and VII are dedicated to phenomenology and respectively, conclusions.
II. THE MODEL
We consider an electroweak model invariant under the larger group SU (2) × SU (2) [12] and we gauge only one of them. Thus the Higgs fields will be given by a 2 × 2 matrix:
Then we can break the scale invariance and one of the SU (2) at the same scale f. This would give vev different than zero for only one field since the invariant potential would depend only on one of them as follows:
We will take the dilaton potential at tree level as:
where χ = f e σ f . This potential breaks explicitly the scale invariance and gives the vev for the dilaton field χ = f . It is evident that the mass of the dilaton field calculated at the minimum of the potential is zero. Thus at tree level the dilaton is exactly massless, although the scale invariance is broken. If instead of one introduces matrix representation of SU (2) then all it is to do is to rewrite Eq (3) as:
First note that a square root in the potential does not affect at all the invariance and that from the set up of the model neither the renormalizability.
In order to agree with the established results the relevant coupling constants in the model are rescaled as follows:
III. THE EFFECTIVE HIGGS POTENTIAL
The tree level Higgs potential in the standard model has the form:
We consider here the most general form of the potential not necessarily renormalizable. Since the scalar part of the potential has been calculated in detail in [8] , [9] and more recently in [6] we will give here only the main results. We are working in the Landau gauge where there are no coupling between the Goldstone bosons and the physical Higgs. Mainly the one loop contributions coming from the scalars is obtained from the diagrams in Fig. 1 . The one loop contribution coming from the usual Higgs is:
The one loop contribution coming form the three Goldstone bosons has the expression:
In general the one loop correction to the potential can be read off from the tadpole diagrams given in Fig.2 . Introducing a cut-off Λ the expressions in Eq(7)-(8) reduce to:
Here we denote
The contribution from the gauge bosons can be calculated in a similar way:
Among the fermions we consider only the contribution of the top quark since this is the most significant:
In general the one loop potential is the sum of the above terms:
In our case of interest however the term corresponding to the Goldstone bosons does not appear.
IV. THE SCALAR SELF ENERGY
We work in the Landau gauge where the Goldstone bosons are decoupled from the usual Higgs. The scalar self energy is determined from the diagrams in Fig. 3 . Although calculations of these diagrams are given in the literature in order to make our point we will also give a detailed account here for our particular case of interest(massless Higgs and absence of trilinear coupling) and then compare with other results. Let us give the various Higgs gauge fermion couplings:
Thus the first diagram and the fifth in Fig. 3 add up to:
This needs to be regularized but first let us extract the divergences from all the diagrams:
The diagram with the fermion loop (we will consider here only the top quark as being the most significant) reads:
Third diagram has the expression:
In general the tadpole diagrams contribute to the scalar self energy. However they do not contribute when there is no scalar cubic interaction. This is the case for the Coleman Weinberg model and this is the case here. We use Pauli-Villars regularization procedure for the above diagrams. Thus we make:
Now let us collect the whole self energy.
First note that the result agrees with that in [13] . We give bellow the result for the second derivative of the potential at the minimum Φ = f .
Then as we compare the above result with Eq (20) we see that they actually disagree. In [8] Coleman Weinberg stated that the scalar self energy should be given by the second derivative of the effective potential at the true minimum. Later Weinberg showed in [9] that this is true only if one works in the Landau gauge. He also proved this result for the Goldstone bosons. The reason why our two expressions disagree stems from the method of eliminating the divergences for the two cases. If one first derives with respect to the field in the integral for the effective potential and then integrates, one obtains the same result for the two expressions. This is pure technicality. Moreover if one considers the next term in the Coleman Weinberg expansion (see Chapter VII in [9] ) and one reinforces the vanishing of the mass at one loop, one obtains that the effective potential has a minimum at the tree level minimum value. Thus the effective minimum remains at the same point. This is perfectly true in our case. As we do not wish to consider renormalization at this point we will consider the Eq (20) as the reliable answer and work with it.
V. QUADRATIC DIVERGENCES
In 1981 Veltman [10] proposed a solution to the tuning problem of the Higgs boson by demanding that the quadratic term in the effective potential be zero. This can cancel the one loop contributions but in order to be consistent we would have to put to zero the coefficients of Λ 2 in all order of perturbation theory. While this is not possible in general there are solutions to circumvent this problem [11] . The predicted Higgs mass for this case is 317±11 GeV.
Again we are starting with the usual Higgs potential:
The correction to the mass reads from Eq (7)- (12) and we get [11] in terms of the cut-off:
Here all the masses are calculated at the minimum of the potential φ = v. Thus for an arbitrary vev of the field Φ the mass of the Higgs is m (12)we can see immediately that all it is to do is the derive those expressions twice with respect to the Higgs. Then
It should be evident by now that by changing the form of the potential we can improve drastically the Veltman condition. In particular by introducing a dilaton with an associate scale f, v will get replaced with f in the above condition thus opening the possibility of manipulating it.
VI. KEEPING IT SIMPLE
First we will require by hand the cancelation of the quadratic divergences at the minimum of the potential (the Veltman condition). Note that this leads to a relation between the dilaton self coupling and the scale f but does not imply a nonzero mass:
With the scaled coupling constants given in (5) and the known expression for the masses this amounts to:
We will not give a second thought to Eq (26) as it can be easily realized and a 1 can be made as small as desired as long as the scale f is high enough. Note that as we cancel the quadratic divergences the terms that are left in Eq(21) are all suppressed by v 2 f 2 . If we require the cancelation of both terms and solve for the cut-off we see that it is actually at the electroweak scale. Thus the model survives very well and it is perfectly consistent with the standard model couplings, the drawback being the limits imposed by LEP. As these are very stringent we are left with the approximate cancelation of the logarithmic term due to the suppression factor. Note that this was first proposed by Ma in [13] where he requires the simultaneous cancelation of the quadratic divergences and of the logarithmic ones thus rendering the one loop correction to the Higgs mass finite. Unfortunately this leads to the wrong top quark mass making this attempt unsuccessful. However there is nothing to prevent us instead of canceling separately the quadratic divergences and the logarithmic ones to require that the whole correction is zero and solve for a 1 . In this way we obtain results compatible with very high f, at least of order 10 7 GeV. Assume this limiting case: we break the symmetry and calculate the one loop potential for f identified with the cut-off scale. Then we make f → ∞. We still can obtain the right masses for the fermions and for the gauge bosons but the Higgs boson decouples completely. Thus particle have masses but do not couple with the Higgs which remains massless also at one loop level.
VII. PHENOMENOLOGY
First let us briefly mention that a zero mass Higgs is not affected by the theoretical constraints coming form triviality,unitarity and vacuum stability since these put only upper bounds on the mass.
LEP experiments were looking for a light scalar mainly through the decay (Bjorken process)
insensitive to the decay mode of the scalar. Thus they extract upper bounds to the following cross section or k:
Of course the cross section becomes larger as λ
Z increases so it attain its peak for m S = 0. But in our model the Weinberg angle is that of the SM but the coupling constants scale as g f . Thus any increase in the cross section can be highly suppressed by the scale factor. For the electroweak precision data we will mention only the contribution to the Z decay width through the branching ratio:
Note that the highest contribution is for m H = 0 and even for this case of the SM this is pretty low ≈ 10 −2 . For our case it is again suppressed by the scale factor so it gets even smaller.
Among the usual Higgs decays only the one loop ones to two photons or two gluons are kinematically allowed so there is avery high probability that the Higgs passes through detector undetected. Let us analyze the main source of Higgs production at hadron colliders, the gluon fusion:
where y is the rapidity and for the case of a massless Higgs x a = 0 and x b = 0. Then using the resources given in [2] we can estimate the actual value which is of order 0.3 pb. In terms of the standard model cross section of this type this would correspond to a SM Higgs in the range of ≈ 100 − 150 GeV.
Other important limits on Higgs boson mass come from nuclear experiments. While the vast majority of them have a range of masses that are prohibited thus allowing a massless Higgs boson there are two that need to be considered. One of them is the lower limit on the calculated branching ratio for the decay K ± → π ± φ 0 which associated with a massless Higgs and the higher experimental limits gives a contradiction. The escape is easy for our case since by increasing the scale f we can make the lower limit as low as we want and thus at least lower than the experimental one. The second one is coming from the the limits on a N in the neutron charge form factor G N e (t) = a N t. This assumes [2] that the electron-neutron Coulomb interaction can be written as:
and eliminates categorically the possibility of completely massless Higgs, leaving open the possibility of Higgs of a mass however small. A possibility of avoiding this constraint is to couple the quarks and the leptons with different fields thus avoiding the possibility of modifying the electromagnetic interaction. There are two possibilities: one for example is to couple the quarks with χ while the leptons couple with σ = f ln χ f . In this way however we need a different mechanism to give masses to the charged leptons. Another possibility is to couple the quarks with the full Higgs matrix and the charged leptons only with the Goldstone bosons. As an aside let us give suggestion of how the Higgs matrix might couple with the fermion doublets (see for example [14] ). 
It can be checked that with the double invariance of the Higgs matrix that the above expressions is still invariant under an SU (2) with the correct quantum numbers.
VIII. CONCLUSIONS
In this paper we assume, contrary to the common knowledge(wisdom) that light scalars do not exist in nature, that the Higgs boson is actually completely massless. We propose one simple scenario where this is realized at tree level and can be extended at one loop level despite the fact that the gauge symmetry is broken and the particles get masses. Of course it is well known that gauge invariance, Lorenz invariance and renormalizability coexist only with the usual form of the Higgs potential. Thus we have to give up one of the above criteria, so we discard renormalizability which is natural for the type of dilaton potential we propose.
We consider that in the context of a scale invariant theory with the couplings sensibly diminished with respect to those of the standard model it is possible for massless particle to have escaped detection at the various high energy colliders. Then we show how various experimental constraints, mostly of nuclear nature can be avoided.
